The signal-to-noise ratio of a direction-selective neuron for 'detecting' visual motion is highest when the motion direction is close to the neuron's preferred direction. But because these neurons show a bell-shaped tuning for direction, they have the highest signal-to-noise ratio for 'discriminating' the direction of motion when their preferred direction is off the direction to be discriminated. In this paper, we demonstrate with an adaptation paradigm that the visual system shows a corresponding task-specific ability to select neurons depending on whether it is performing a detection or a discrimination task, relying preferentially on different neuronal populations in the two tasks. Detection is based on neuronal populations tuned to the test direction, while direction discrimination is based on neurons preferring directions 40 -60°off the test direction.
Introduction
Most of the sensory tasks that the nervous system has to solve and, correspondingly, many psychophysical investigations involve either detecting or discriminating stimuli. In detection tasks, subjects have to determine the presence of a given stimulus or stimulus feature in the environment; low signal-to-noise ratios generally hamper detection performance. In discrimination tasks, subjects have to distinguish one stimulus from another; here, performance suffers from a high degree of similarity between stimuli. Given these differences in demands, different populations of neurons might subserve detection and discrimination.
The processing of visual motion information is based on neurons that are direction-selective, i.e. neurons that respond differently to various directions of motion. In primate visual cortex, the highest proportion of these cells occurs in the medial temporal area (MT) (for example, Maunsell & Van Essen, 1983) . The direction selectivity of these neurons is captured by their direction-tuning curve that represents a neuron's activity as a function of stimulus direction. Direction-tuning curves are bell shaped and fit well by a Gaussian function (for example, Albright, 1984; Bradley, Skottun, Ohzawa, Sclar, & Freeman, 1987; Snowden, Treue, & Andersen, 1992) . The combined response of many neurons with similar tuning curves but different preferred directions makes up a population response. The shape of this population curve is the same as the single neuron's tuning curve and is the neural representation of the moving stimulus (Treue, Hol, & Rauber, 2000) . Therefore, in a two-alternative forced-choice detection or discrimination task, the visual system has to decide whether the current population activity across its direction-selective neurons is the one expected from one or the other possible stimulus used in the task.
Abbre6iations: MT, middle temporal area; RDP, random dot pattern.
The upper panel of Fig. 1a depicts two such idealized population curves representing neuronal activity elicited by random dot patterns containing a weak directional signal (upwards for the solid curve and downwards for the dashed curve) embedded in noise containing a homogeneous distribution of directions. This noise will lead to an even activation of all neurons. The few dots carrying the direction signal will elicit a small increase above the general level of activation in those cells having a preferred direction close to the signal direction. The lower panel of Fig. 1a plots the difference between the two population curves. The difference is greatest for neurons whose preferred direction aligns with one of the two signal directions. These neurons should thus deliver the most reliable signal for deciding whether the upward or downward direction was presented. Selectively reducing the responsiveness of these neurons should result in the greatest increase in detection thresholds.
In the upper panel in Fig. 1b , the solid curve depicts the idealized response profile to coherent motion up and slightly rightward, and the dashed profile to motion up and slightly leftward. The difference plot (Fig.  1b , lower panel) clearly shows that the neurons whose preferred direction is off the two directions show the greatest response change between the two stimuli and should deliver the most reliable signal in a discrimination task. Selectively reducing the responsiveness of these neurons should result in the greatest increase in discrimination thresholds.
Given that the neural populations with the most reliable signals in the tasks differ markedly, we hypothesized that the visual system makes use of this difference and relies preferentially on one or the other population, depending whether it is engaged in a detection or discrimination task. To test this hypothesis, we determined detection and discrimination thresholds after adapting subjects with various directions of motion. Adaptation should reduce responsiveness maximally for The stimuli consist of a weak directional signal embedded in random noise. The x axis represents the preferred direction of the neuron sampled. Activity elicited by a stimulus is plotted along the y dimension. In our detection task, the visual system is confronted with the problem that the activities elicited by the upward or downward movement (i.e. the bell-shaped 'mountains' in the plot) barely rise above the activity elicited by noise (i.e. the level of activity at the bottom of the 'activity mountain'). Lower panel: Difference between the two curves in the upper panel. The difference in activity is largest for those neurons preferring the direction of the signal. Therefore, these cells supply the most reliable signal about the presence of the corresponding direction. (b) Discrimination theory. Upper panel: Idealized population activity elicited by stimuli moving upwards and with a slightly leftward (dashed line) or rightward (solid line) inclination. In a discrimination task, many neurons are activated by the stimulus but the problem for the visual system is to distinguish whether an even activation is caused by one or the other possible stimulus. Lower panel: Difference between the two curves in the upper panel. Because of the bell shape of the population curve, the largest response differences occur for neurons preferring a direction at the flanks of the curve, i.e. directions one tuning half-width (approximately 45°for typical direction-selective neurons) away from the stimulus' direction.
those neurons preferring the adapting direction. In agreement with our hypothesis, adapting along the test direction was most effective in increasing detection thresholds, while discrimination was most affected after adapting with a direction off by about 50°from that direction.
Methods

General methods
Subjects
Ten subjects participated in the experiment; two were the authors and the remaining eight were naive concerning the purpose of the experiment. All observers had normal or corrected-to-normal vision. Subjects were trained for several sessions until non-adapted thresholds reached a plateau.
Stimuli
Moving random dot patterns (RDPs) of black dots on a white background were generated on an Apple Macintosh computer and presented on a computer monitor. Subjects viewed them binocularly from a distance of 57 cm, maintained by a chin rest. Monitor resolution was 33.3 pixels deg − 1 of visual angle and 74.6 Hz. All stimuli had a dot density of 5 dots deg
The RDPs moved at 8°s − 1 within circular, stationary apertures with a diameter of 6°for test and 7°for adapting stimuli. Stimuli were centered 6°to the right of a fixation point. Test stimuli lasted 500 ms.
Design
Detection and discrimination thresholds were determined under adapted and unadapted conditions. Each trial began by pressing a keyboard key. No feedback was given. Each subject ran two sessions of 120 trials, and the thresholds of the two sessions were averaged for the unadapted condition.
In the adapted condition, the test stimuli were preceded by an adapting stimulus, lasting 30 s in the first trial and 4 s in subsequent trials with a 400 ms gap between adaptation and test stimulus. To direct the subjects' attention to the adaptation stimulus, they were asked to report the number of times the adaptation stimulus transiently changed speed from the initial 8 to 12°s
− 1 for 133 ms, which happened eight or nine times in the first trial and two or three times in the remaining trials. Each subject ran two sessions of 80 trials for each adaptation direction and condition. Thresholds of the two sessions were averaged. Between different adaptation experiments (lasting approximately 10 min), subjects rested for 5 -10 min. Sessions with different adaptation directions were randomly interleaved.
Data analysis
Responses were fit with a probit function using the weighted least-squares method (Treue, Snowden & Andersen, 1993) . The goodness of fit was determined by computing the chi-square ( 2 ) statistic and the probability associated with the hypothesis that the difference between data and fit was due to noise (P( 2 )).
Sessions resulting in P(
2 )5 0.2 were rejected and repeated. Thresholds were determined by the coherence level (detection experiment) or the angle from vertical (discrimination experiment) at which the psychometric function crossed the 84% performance level.
Detection experiments
Adaptation
Adapting stimuli were transparent RDPs with onehalf of the dots moving in one direction and the other half moving in the opposite direction. Transparent (rather than unidirectional) motion was used for the adaptation to equally affect both possible test directions. The direction axis was inclined 0, 20, 40, or 60°f rom the vertical.
Test
Subjects were required to report whether the single test stimulus contained upward or downward motion. Test stimuli differed, apart from direction, in percentage of coherent motion, i.e. the proportion of dots moving in the signal direction. The direction of each of the remaining dots was chosen randomly.
Discrimination experiments
Adaptation
Adapting stimuli moved straight up (0°) or were transparent RDPs combining two directions inclined equally (920, 940, 9 60, 9 80 and 9 100°) clockwise and counterclockwise from vertical. Transparent (rather than uni-directional) motion was used for the adaptation to avoid strong changes in the perceived direction of the upwards moving test stimuli (Levinson & Sekuler, 1976 ).
Test
The method of constant stimuli was used by presenting two RDPs in succession (400 ms gap). One stimulus (the standard) moved exactly vertical and the other at a variable angle off the vertical. Subjects indicated which of the two test stimuli presented in a trial moved with a more clockwise inclination. Thresholds were determined by the angle at which the psychometric function crossed the 84% performance level. Average post-adaptation 'detection' threshold elevation across subjects plotted as ratios against the unadapted threshold (12.18 91.36% signal dots). Thus, the higher a given y value, the more effective the corresponding adaptation direction. Significant elevations were observed after adapting to 0 and 20°(** PB 0.01, * P B0.05; paired two-sample t-test for means). (b) Post-adaptation discrimination. Average post-adaptation 'discrimination' threshold elevation across subjects plotted as ratios against the unadapted threshold (1.899 0.31°direction inclination from vertical). The most effective adapting directions were those inclined 20 -60°from the test direction. These threshold elevations were significantly different from the pre-adapting thresholds (** P B 0.01). Note that the effectiveness of the adaptation was comparable when subjects were involved in the detection or discrimination task; maximal post-adaptation threshold values averaged approximately 1.5 pre-adaptation thresholds in both tasks (discrimination, 1.50 with 60°adaptation; detection, 1.58 with 0°adaptation; P \ 0.7).
Results
Detection
Detection thresholds without adaptation were 12.2% on average (91.4%, 95% confidence interval). The effects of the various adapting directions were determined by computing the increase in thresholds relative to the unadapted one. Fig. 2a shows these ratios of adapted versus unadapted thresholds averaged across subjects. The threshold elevation was maximal for adaptation along the vertical (1.6; P B0.01, two-tailed paired t-test) and decreased monotonically with increasing angle between the adapting and test axis.
Additionally, we measured threshold elevations with an adapting pattern containing a uniform distribution of all directions. Here, post-adaptation threshold elevation was not significant (P \ 0.08).
Discrimination
Without adaptation, discrimination thresholds averaged 1.8990.31°. Fig. 2b plots the average threshold elevation due to adaptation. The curve is markedly different from that in the detection experiment.
Thresholds were not elevated after 0°adaptation, i.e. when adaptation and test axis were aligned. Adapting to 20-60°relative to the test direction caused significant (PB 0.01) increases in thresholds. Peak elevations (approximately 1.5) occurred for 40 and 60°adapting directions. Adapting angles of 80 and 100°caused much smaller, non-significant elevations.
Detection 6ersus discrimination
The maximal post-adaptation threshold elevations in detection (1.58 at 0°) and discrimination (1.50 at 60°) tasks did not differ significantly (P\0.7) from each other.
Discussion
Our results show that different populations of neurons underlie the detection and discrimination of motion direction. Adaptation was most effective in raising 'detection' thresholds if the adapting and the test directions were similar. Direction-selective neurons whose preferred direction is close to that to be detected have the highest signal-to-noise ratio in a detection task (Fig. 1a) . The visual system exploits this to achieve maximal performance but the reliance on this subset of neurons also makes a loss in sensitivity in these neurons (e.g. through prior adaptation) particularly effective in raising detection thresholds.
'Discrimination' thresholds, on the other hand, were not raised by adaptation close to the test direction, but rather by adaptation 40-60°off it. This is in agreement with the observation that the discrimination signal is highest about one tuning half-width from the preferred direction of a neuron (Fig. 1b) . In primate visual cortex, these tuning half-widths average about 45° (Snowden et al., 1992) and psychophysical studies have estimated the direction-tuning half-width to be about 30°in humans (Watamaniuk, Sekuler, & Williams, 1989; Williams, Tweten, & Sekuler, 1991) . In discrimination tasks, the visual system thus relies most heavily not on those neurons most strongly activated by the stimulus, but on neurons responding at an intermediate level.
This task-specificity of the neuronal population contributing the most to detection and to discrimination seems to be a general phenomenon, as other studies have shown similar behavior for tasks involving the discrimination and detection of spatial frequencies (Regan & Beverly, 1983 ) and the orientation of sinewave gratings (Regan & Beverly, 1985) . Note that the orientation-tuning bandwidth is only about one-half of the direction-tuning bandwidth (for example, Albright, 1984) . Correspondingly, Regan and Beverly found that adapting to a sinewave grating degraded 'discrimination' for test gratings inclined at about 10 -20°to the adapting grating while having little effect on the detection of these inclined gratings. Rather, grating 'detection' was degraded by adaptation gratings oriented like the test grating. Wilson and Gelb (1984) and Wilson and Regan (1984) developed a detailed quantitative line-element model that explained both the spatial frequency and the orientation data, and presumably would also agree with our direction data. Similarly, to account for their direction discrimination data, Watamaniuk et al. (1989) used a line-element model where performance is dominated by mechanisms with tuning off that from the target.
Our finding that, for discrimination tasks, the visual system relies on responses from populations of neurons that show intermediate responses to a given stimulus lend further support to a recent suggestion from our laboratory (Treue et al., 2000) , that the visual system does not rely on the most active neurons to determine component directions in transparent motion patterns, but rather uses the overall population response or just those neurons giving intermediate responses.
Our findings emphasize the flexibility of the visual system in extracting the most relevant information from a neuronal population response to a given stimulus, depending on the task at hand.
